INTRODUCTION
Soil moisture information is important in a variety of disciplines (e.g., hydrology, agriculture, and meteorology). Attempts to monitor world food supply, predict watershed runoff, and model boundary layer heat and moisture conditions are but a few of many specific areas in which surface and subsurface soil moisture information is needed. To this end, both active and passive microwave remote sensing techniques are being studied (Ulaby et al., 1978 and I979; Schmugge, 1978) to provide efficient and cost-effective means of estimating average moisture content in wide areas.
A key parameter in understanding and interpreting remotely sensed data is the dielectric constant of the target medium, which has a large effect on the reflective and emissive properties of the surface. Microwave frequencies are ideally suited for soil moisture remote sensing because at these frequencies the dielectric constant changes rapidly with moisture content. In fact, radiance measurements obtained by ground-based, airborne, and satellite-borne radiometers have indicated emissivities from as low as 0.6 when wet to 0.95 when dry. Microwave radiative transfer models have been developed to provide the theoretical basis for this relationship.
Three recent papers have presented theoretical models for microwave emission from sails (Njoku and Kong, 1977; Wilheit, 1978; and Burke, et &L, 1979k These models considrred the emission from the soil fur a range of moisture and temperature profiles and studied the effects of vartalions in these subsurface properties on the emission from the surface. The purpose of this paper is to compare these models in terms of their fundamental appmches and their result for a set of standard soil profiles. The models will be compard at the microwave frequencies of 1. 4 and 19.4 GHz (wavelengths of 21 and 1.55 cm).
For homogeneous media (i.e., those with constant moisture and temperature profiles), the emissivity (e) for a smooth surface can be calculated from the soil 's dielectric properties using the Fresnel equations for surface reflectivity (r). For perpendicular incidence, these equations reduce to:
e=1-r•l _,^-1: f+l (1) where a is the dielectric constant of the soil.
Difficulties arise when both the temperature and moisture content of the soil vary with depth in the soil. The basic approach for solving this problem is to break the soft volume into thin layers and then numerically sum the contributions of each layer. The various ways of treating this numerical summation through the soil layers form the basis of major differences between the particular radiative transfer models.
There are two alternate approaches to studying microwave emission from soils based on the assumed characteristics of radiation within the soil (i.e., whether it is treated coherently or noncoherently).
If radiation within the soil is assumed to be coherent, Its intensity must be obtained by calculates the electromagnetic field vectors from a solution to Maxwell's equations. However, if radiation within the soil is assumed to be incoherent, the intensity of radiation can be considered directly.
The type of assumption, made will affect the performance of the models since intensities calculated for coherent and incoherent radiations may be different because of wave interference effects associated with coherent radiation. There interference effects cause the coherent intensity to be sometimes higher and other times lower than the incoherent intensity. Oscillations of the intensity as a function of frequency is an indication of coherency effects in the radiation.
The need for using a coherent model to study thermal emission that is intrinsically a noncoherent process may be questioned. However, if a spatial filter (e.g., a dielectric slab) is introduced, the emerging radiation will be partially coherent, which should be manifested in interference phenomena. 
where c is the velocity of light, Af is the bandwidth of the radiometer, and a is the dielectric constant of the medium, then coherence effects are important. At 1.42 GIIz, Af is generally 27 MHz, the bandwidth of the radio astronomy band at this frequency, and a of soil will range from 4 to 25, yielding a value of L between 5 and 2 meters. This range is much greater than that of any of the layer thicknesses used in the models considered hem and thuit coherent eNcts May be impottwt
The thicknesses were chosen to be much less the the distance over which there was a obstantial change In soil properties. These major chances in sod moisture content occur in distances much less than L.. For then reasons, it is necessary to considet co tuft models. As will be noted, coupling between reflectivity at the surtlsee and die substrrfatx dielectric properties; occurs in the coherent models but not in the noncoherent models and leads to the major diftetences between the two approaches.
All three models assume that scattering by pebbles or other discontinuities in the soil is insignificant. In a study of the microwave emission from a scattering medium, England (1975) found that scattering effects will be significant when the scattering aibedo (wo ) is greater than 0. 1, where w G , the ratio of the scattering loss to the total loss, is given by: Na+2, 8 (3) where o is the scattering cross section of the pebble, 0 is the loss in the medium, and N is the number of pebbles per unit volume. Assuming appropriate values for the dielectric properties of pebbles and wet soils and assuming a fractional pebble volume of 1 percent, it can be found from England's equations that volume scattering will be significant only if d/X > 1/7, where d is the pebble size and X is the wavelength (0.5-cm pebbles in the 3-cm or X-Band wavelength region).
No wo
Even if the size or number of particles becomes larger, volume scattering would have little effect if A > 10 cm and will therefore be neglected in this paper.
In the next section, the three models to be considered will be briefly described. The results obtained using these models on the soil profiles published in the Njoku and Kong paper are presented and compared in Section 3. Further calculations were performed using the Burke, Wilheit, and a simpler radiative transfer model for some actual profiles that peed steep moisture gradients near the surface. These results are also presented in Section 3.
COMPARISON OF THE MODELS Noncoherent Models
The microwave emission model developed by Burke, et al. (1979) , hereafter refened to as the Burke model, is based on the assumption of incoherent radiation. Radiation intensity is calculated from solution of the radiative transfer equation:
where y is the absorption in the layer, T. is radiation intensity expressed in terms of a temperature, T is the physical temperature of the soil, z is the path length, and subscript p indicates the polarizalion of the radiation.
Soil is treated as a layered dielectric; each layer is homogeneous and of arbitrary thickness. Thickness (Azi ), absorption coefficient (yi ), and temperature (Ti ) of each soil layer are specified. servations at the 2.8-and 21-cm wavelengths (Burke, et al., 1979) , with layer thickness correspondins to observed soil moisture values in sampling depths of 0 to 1, 1 to 2, 2 to S, S to 9, and 9 to 15 em from the surface. Some of the conclusions from the study were that: (1) the emitted intensity at both wavelengths correlates best with the near-auface moisture; (2) the slope of the intensity/moisture curves decease in going from day to dawn; and (3) increased near-aufaoe moisture at dawn is characterized by increased polarizatm.
Coherent Models
Microwave emission models developed by Wilheit ( 1978) and by Njoku and Kong ( 1977) , hereafter referred to as the Njoku model, are based on the assumption of coherent radiation. In Wilheit's model, ail is treated as a layered dielectric. Solutions of Maxwell's equations and the boundary condition at the interfaces are used to calculate the electric field in each layer. These electrio-field values are used to calculate the energy fluxes and thus the fractional absorption in each layer:
where Sf r is the electromagnetic field energy (i.e., Poynting vector) entering the A layer at the (j-l)th interface, Sf is the energy for the ( 3 +1)th layer at the jth interface, and Sf is the energy incident on the first interface. The superscript (p) designates the polarization of radiation. These energy values are calculated using Poynting's theorem for electric fields. If Tj is the temperature of the jth layer, under thermodynamic equilibrium, the layer radiates energy equal to the product of the fractional absorption (q ) and the temperature (T,). The brightness temperature is given by TV s fj Ti
01)
The conservation of energy at the air/soil interface determines the reflectivity of the soil R P as:
Computations with the model have indicated that radiation from the soil is characterized by two sampling depths: reflective and thermal (Wfteit, 1978) . The reflectivity is characterized by changes in the real part of the index of refraction over a sampling depth: d r 4 0.1 A, where A is the wavelength in the medium. The thermal sampling depth is determined by tae imaginary part of the index In the medium and is given by:
ExIf,
aT .
ft where x i is the depth of the ith layer. For a unttorm dielectric, this reduces to
For a low-loss dry soil, 6T will be an order of magnitude larger than bt , whereas for a wet soil, it will be only slightly larger.
Another parameter of interest is the average soil temperature over this thermal sampling depth, which is referred to here as the effective radiating temperature of the soil and is given by:
Tt fc Taff -(l5) fi where T, is the physical temperature of the ith layer. The ratio of T. to T en is an effective emissivity for the soil.
Recently, this model, incorporating the effect of surface roughness m the transmission coefficient, was used to explain observed emission intensities for 1.55-and 21 -cm radiations (Choudhury, et al., 1979) . Although the agnmment was generally satisfactory, in some casts the ware interference effect may have ! -A t to the prediction of higher intensities *an those observed.
The N}oku model is bared on the coherent radiative transfer formulation of StoWn (1970) for a thermally and dielectrically nonhomogeneous medium. In this formulation, the fraction of th"OW absorbed at different depths within the medium is obtained from the solution of a differential equation with a Aux conservation boundary condition at the air/soil interface. This method of calculation is the same as the one used for calculating the reflectivity of a nonhomopneous dielectric. By integrating the product of fractional absorption and blackbody emission intensity, the observed intensities are obtained. For a set of simulated moisture and temperature profiles, Njoku and Kon` (1977) have given illustrative results for wavelength dependence of the emitted intensity.
A can tinuous nonhonogeneous dielectric can be well approximated by a layered dielectric, using sp;nWriste choice of layer thicknesses. It may thus be expected that Wilheit and Njoku's models will closely agree with one another because both are based on the assumption of coherent radiation.
However, the method of calculating the observed intensities are quite different in the two models.
Physically and numerically. Wilheit's model is simpler and mote efficient. The following section presents a numerical comparison of then models.
In the algorithm used for Wdheit's model, the soil was divided into 100 layers whose thicknesses Table 1 lists the values of the parameters used in these equations, and Figure 1 graphically piesents the resulting moisture and temperature profiles. These profiles cover a range that is representative of those that could realistically be encountered in nature.
The soil dielectric constants used were those given in the Njoku and Kong paper. Therefore, the results obtained using the Burke and Wilheit models should be comparable to those given by Njoku and Kong. The calculations were performed at 1.4 and 19.35 GHlz (21 and 1.55 cm) fret;aencies.
Comparisons at both frequencies appear in Tab i l-s_'a through f.
in the Njoku and Kong paper and will not be presented here. Since the weighting functions describe the depth distribution of the sources of the radiation, this agreement indicates that all the three models yield the same effective radiating temperature and that any differences should arise from their effective emissivities. This can best be seen using the results for constant temperature profile number 4 in Table 2d . The emissivity can be obtained directly by dividing the calculated T B by the soil temperature, 300 K. These results are given in Table 3 .
The biggest difference between the coherent and noncoherent models appears for moisture profiles with the steepest gradient near the surface (i.e., for profiles 2 and 3 in Table 3 emissivity results from the noncoherent model are greater by 0.01 at 1.4 GHz, with no difference between the models at 19.4 GHz) because the emissivity calculated in the Burke model corresponds to the Fresnel transmission coefficient calculated for the surface moisture value. Since it is predominantly influenced b , surface moisture, the Burke model emissivity will increase with decreasing surface moisture, irrespective of the nature of the actual soil moisture profile. In coherent models, however, the emissivity is dependent on the moisture profile just below the surface because the phase information introduces a connection between the surface and the soil layers beneath it. Thus, the coherent models will depend on the average moisture content of the soil moisture sampling depth (which Wilheit estimates to be about one-tenth of the wavelength in the medium). Therefore, the agreement between the coherent and noncoherent models would be better if the thickness of the surface layer could be chosen to be equal to this sampling depth.
To study the effect of these steep moisture gradients in more detail, calculations were performed for a series of soil moisture profiles measured at the U. S. Water Conservation Laboratory in Phoenix (Jackson, 1973) as a field dried out after an irrigation in March 1971. The profiles presented in Figure 2 are midday profiles that had the steepest moisture gradients near the surface.
In addition to the Burke and Wilheit models, a variant of the Burkc model was also investigated. In this model, the Fresnel reflectivity at all layer interfaces except for the soil/air interface was set to zero (i.e., it was assumed that all the soil interfaces were transparent). The rationale behind this model is that, if the layer thicknesses are chosen to that the dielectric constants of two adjacent layers are nearly equal, the interface reflectivity will be negligible. For this model to`be^vslid, the layer thicknesses should be reduced as the moisture profile gets steeper. The brightness temperature in this model is given by:
Note that, as in the Burke model, the first factor on the right side is the Fresnel transmissivity of the polarization (p) calculated for the surface moisture value, and the second factor is the direct integration of the radiative transfer equation ( for frequencies above about 5 GHz but that differences arise for lower frequencies. This difference will be illustrated further by calculations made using the sail profiles given in Figure 2 . The dielectric constants used with these profiles appear in Figure 3 . These data are for soils with textures similar to that of the soil at the U. S. Water Conservation Laboratory. Table 4 gives the results for the three models (Burke, Wilheit, and radiative transfer) in terns of both TB and emissivity (e = TB /T^ff ). Note the excellent agreement between the Burke and radiative transfer models for all profiles. There are only small differences between the Burke and
Wilheit results for the 19.4GHz calculations, but there are substantial differences in the 1.4GHz *The profiles are identified by the number of days after irrigation.
calculations-up to 20 K for the profiles with the steepest gradients (i.e., profiles 5, 6, and 8). indicate that the sampling depth is greater than the first layer thickness used in the noncoherent models.
!'he 1 K differences beta peen the radiative transfer and Burke models indicates that, although the reflectivity ib small between the soil layers, there is some minor effect. Howevar, as shown here at 1.4 GHz, the effect would generally be negligible.
The emissivities for these profiles can be determined by using the effective radiating temperature as defined by equations 15 and 19. Because both the Burke and Wilheit models were found to have the same weighting functions, the effective temperature could be calculated by using either model, and in this case the results from the Wilheit model were used. Table 5 Figure 4 at a moisture of 12.5 percent f^ a uniform soil. Table 6 list the results of this comparison for days 4. S, 6, 8, and 12 and the average soil moistures in the 0-to I-cm and the 0-to 2.5-cm sayers of the roil.
In Table 6 , the Fresnel moisture is obtained from the intersection of the model calculated emdesivity with the curve in Figure 4 . For days 4, 5, and 6, them is good agreement of the Wilheit value with the average measured moisture in a 0-to 2.5-cm layer. As would be expected, the Burke value is drier than the 0-to 1-cm layer for all profiles. An interesting feature is that, for the drier days (8 and 12), the Wilheit value indicates a moisture as dry or drier than the 0-to 1-cm 1&± ,r.
This could result from a positive interference effect increasing the effective transmission across the surface. Interference effects undoubtedly cause the higher emissivities calculated with the Wilheit model compared with Burke model for days 16, 23, and 37. This effect was also noted in some other calculations with the coherent model (Choudhury, et al., 1979) . 
CONCLUSIONS
Several models for estimating microwsve emialoo from soils were compared-the Njoku, Wilheit, Burke, and radiative transfer models. On the basis of their fundamental approach, they can be classified into noncoherent (Burke and radiative transfer) and coherent (Njoku and Wilheit) models; the former is r. seed on the intensity and the latter on the ampL,.ade of the radiation fleid. Assocointed with this difference in fundamental approach, results obtained from these two types of models differed, especially in regard to their apparent soil moisture sampift depth. In the noncoherent models, emissivity is determined by the dielectric contrast at the air/soil interface; therefore, for a soil with a scup moisture gradient at the sudam, this emissivity will depend on layer thickness used. Because the coherent models keep track of the phase of the fields in the soil, the value of the emissivity at the surface is coupled to the dielectric properties of the layers below the surface.
Due to the dependenccY of the emissivity in the noncoherent models on the air-soil dielectric contract, these mods do not predict accurate soil moisture sampling depths. The magnitude of the difference of this sampling depth between the coherent and noncoherent models will depend on the microwave frequency and the steepness of the soil-moisture dent in the soil. Njoku and.
Kong showed that, for their profiles, there was no difference for frequencies above 4 Gilt.
As noted previously, interference effects can occur in the coherent models; however, these effects are not likely to be observed in nature because of the roughness of the surface and horizontal inhomopeneities in the soil. Therefore, care must be exercised when interpreting the results from dw coherent models.
